A panel of ten humic-acid-like polymers was synthesized by oxidation of p-diphenolic compounds and characterized by relative molecular weights, FT-IR spectra and functional group analysis. Using the XTT-based tetrazolium reduction assay EZ4U, both the low-molecular starting compounds and the synthesized polymers were examined for antiviral and cytotoxic activities in HSV-1-infected Vero cells. With the exception of hydroquinone, 2,5-dihydroxytoluene and 2,5-dihydroxybenzoquinone, the starting compounds failed to inhibit herpesvirus replication. The polymeric oxidation products, however, developed anti-HSV-1 activity with EC 50 values in the range of 0.65 (2,5-DHPOP) and 322 µg/ml (2,5-DHBQOP). The CC 50 values of the polymers varied among 32.0 (TMHYDROP) and >512 µg/ml (2,5-DHBQOP, HYDSULFOP). The most effective polymers were found to be 2,5-DHPOP, 2,5-DHTOP and GENOP (EC 50 : 0.65, 1.6 and 2.2 µg/ml, respectively, and SI: ≥400, ≥80 and ≥58, respectively). Functional group analysis revealed that increasing numbers of carboxyl groups together with a high content of hydroxyl groups tend to enhance the antiviral activity of polymers derived from p-diphenolic compounds.
Humic acids (HA) are fractally organised polyanionic substances with a putative melanin-like chemical structure (Cataldo, 1998) . They are widely distributed in decaying plant material, soils and surface waters. Peat, as the main source of naturally occurring HA, has been used effectively to prevent the spread of foot-and-mouth disease even 40 years ago (Schultz, 1962) . In the 1970s, the antiviral activity of HA against enteroviruses, herpesviruses and influenza viruses was detected in cell cultures (Klöcking & Sprößig, 1972 , 1975 . Time-of-addition experiments in HSV-1-infected human lung fibroblasts revealed virus adsorption to be the most humate-sensitive step of virus replication (Klöcking & Sprößig, 1975) .
A major hindrance for mechanistic investigations of HA is the fact that chemical components forming the HA molecule vary depending on where peat samples are collected. Therefore, we prepared origin-defined HA-like polymers by enzymatic (Thiel et al., 1976) as well as by chemical synthesis Helbig et al., 1994) starting from single low-molecular ortho-and paradiphenolic compounds. Like naturally occurring HA, the synthetic polymers were found to inhibit an early stage of HSV-1, HSV-2 as well as HCMV replication (Thiel et al., 1976; Klöcking et al., 1983; Thiel et al., 1984 , Neyts et al., 1992 Helbig et al., 1997; Meerbach et al., 2001) , probably by interaction with positively charged domains of viral envelope glycoproteins (Neyts et al., 1992) . In contrast to the natural model, the synthetic polymers enabled us to investigate structure-activity relationships referring to the starting compounds.
In a previous paper, we have shown the influence of aromatic ring substituents on the anti-HSV-1 activity and cytotoxicity of o-diphenol-derived polymers (Helbig et al., 1997) . In the present study, we introduce another panel of 10 HA-like polymers synthesized by oxidation of p-diphenolic starting compounds and characterize them by molecular weight determination, FT-IR spectra and functional group analysis. We report data for antiviral and cytotoxic activities of both the low-molecular starting compounds and the synthesized polymers and discuss the influence of special structural features of the starting compounds on the biological activity of the polymeric oxidation products.
Anti-HSV-1 activity of synthetic humic acid-like polymers derived from p-diphenolic starting compounds Introduction
Finally we consider the results with regard to the putative structure of HA-like polymers.
Materials and methods

Chemistry
Test substances. The following p-diphenolic starting compounds (even numbers) and corresponding HA-like polymers (odd numbers) were investigated: 1, HYDROP; 2, hydroquinone; 3, 2,5-DHTOP; 4, 2,5-dihydroxytoluene; 5, GENOP; 6, gentisinic acid; 7, 2,5-DHPOP; 8, 2,5-dihydroxyphenylacetic acid; 9, 2,5-DHBAOP; 10, 2,5-dihydroxybenzaldehyde; 11, HYDSULFOP; 12, hydroquinone sulfonic acid (K-salt); 13, 2,3-DMHY-DROP; 14, 2,3-dimethylhydroquinone; 15, TMHY-DROP; 16, trimethylhydroquinone; 17, 2-MOHYDROP; 18, 2-methoxyhydroquinone; 19, 2,5-DHBQOP; 20, 2,5dihydroxybenzoquinone. All the compounds are listed in Table 1 .
The nucleoside analogue acyclovir (Zovirax) was obtained from GlaxoSmithKline (Munich, Germany). Pentosan polysulfate (SP54) was kindly supplied by bene-Arzneimittel GmbH (Munich, Germany).
Preparation of phenolic polymers. The synthesis of HA-like polymers has been described previously (Helbig et al., 1997) . Briefly, 10 -2 M solutions of p-diphenolic starting compounds in de-ionized sterile water were oxidized with 2.5×10 -3 M sodium metaperiodate at 55°C and pH 8-9 for 1 h and left at room temperature overnight. After that, the formed dark-brown polymers were precipitated and repeatedly washed with ethanol. The yields of polymers amounted to 50-80%.
Molecular weight determinations. The molecular weights of the synthetic polymers were determined by gel permeation chromatography using Controlled Pore Glass‚ (CPG, 120 Å, Electro Nucleonics Inc., Fairfield, Conn., USA) fillings in a 1×100 cm column. Polymers were eluted with 0.05 M Tris/HCl in 0.5 M NaCl, pH 8.0, at a rate of 120 ml/h. Sample concentration was 1% and 0.5 ml polymer sample solution was used. Absorbance at 254 nm was measured using the BioLogic-System UV monitor from BIO-RAD (Hercules, Calif., USA). The molecular weights given in Table 1 correspond to the mean peak elution volume of at least three different runs. To construct the calibration curve, water-soluble calibration proteins of known molecular weights (Combithek calibration kit, Boehringer, Mannheim, Germany) were used. The molecular weights determined by this method represent relative values described as protein equivalent molecular weights.
Determination of acid oxygen containing groups. To determine total acidity and carboxyl groups concentration, potentiometric titrations were performed using Ba(OH) 2 and Ca(Ac) 2 exchange, respectively, according to published (Benda et al., 1972) was kindly provided by Dr J Rajcani, Bratislava. For the experiments, the virus was propagated in Vero cells. The TCID 50 of the cell-free virus suspension was 10 7 -10 8 /ml. Antiviral screening assay. Antiviral screening was performed in 96-well flat-bottom microtitre plates using the XTT-based tetrazolium reduction assay EZ4U (Biozol, Eching, Germany). In this way, it is possible to determine the inhibition of viral cytopathogenicity as well as substance-induced cytotoxic effects. The assay has been described in detail by Klöcking et al. (1995) . Briefly, 2×10 4 cells in 200 µl medium were applied to each of the 60 inner wells of the plate. To avoid marginal effects, the 36 external wells were filled with 200 µl MEM. Cells were incubated to confluence in a humid 1% CO 2 -containing atmosphere at 37°C for 2 days. After removing growth medium, 200 µl of eight serial dilution steps of antiviral compounds dissolved in MEM were added to 8×6 wells. Three wells of each group received 2×10 4 TCID 50 of HSV-1 strain Kupka. The residual 12 wells served as cell and virus controls, respectively, and remained free of test substances. After further incubation at 37°C for 120 h, plates were centrifuged at 200×g for 10 min and the supernatant was replaced by fresh MEM without phenol red. Added to each well was 25 µl of the EZ4U preparation. After an incubation time of 3 h, optical density (OD) was measured at 450 nm (reference wavelength 620 nm) in a microplate reader (Ceres 900C, BIO-TEK, Winooski, Vt., USA). The percentage of antiviral and cytotoxic activities of the test compounds were calculated from the measured OD values according to Pauwels et al. (1988) . Substance concentra-tions at 50% virus inhibition (EC 50 ) and 50% cytotoxicity (CC 50 ) were obtained by means of regression analysis. Average values and standard deviations of at least three independent experiments were calculated from log 10 transformed EC 50 and CC 50 values, respectively. Back-transformation into linear scale results in mean EC 50 and CC 50 values with corresponding confidence limits.
Results
Preparation and chemical properties of HA-like polymers HA-like polymers were synthesized by periodate oxidation of the low-molecular p-diphenolic compounds listed in Table 1 . In this way, we obtained the oxidation products (OP) from hydroquinone (HYDROP), 2,5-dihydroxytoluene (2,5-DHTOP), gentisinic acid (GENOP), 2,5dihydroxyphenylacetic acid (2,5-DHPOP), 2,5-dihydroxybenzaldehyde (2,5-DHBAOP), hydroquinone sulfonic acid (HYDSULFOP), 2,3-dimethylhydroquinone (2,3-DMHYDROP), trimethylhydroquinone (TMHYDROP), 2-methoxyhydroquinone (2-MOHYDROP) and 2,5dihydroxybenzoquinone (2,5-DHBQOP).
The dark-brown HA-like polymers are stable at room temperature and soluble in neutral and diluted alkaline media. As determined by gel permeation chromatography on CPG (Table 1) , the relative molecular weights of the polymers range between 2200 (TMHYDROP) and 7800 (HYDSULFOP) while the molecular weights of the starting compounds are between 110 (hydroquinone) and 190 (hydroquinone sulfonic acid). The COOH content of the polymers was found to be between 1 eq/Mol (TMHY-DROP, 2,5-DHBQOP) and 10 eq/Mol (2,5 DHPOP). For comparison, the low-molecular starting compounds contain 1 eq/Mol COOH (gentisinic acid, 2,5dihydroxyphenylacetic acid) or they are free from COOH (the remaining starting compounds). The content of phenolic OH was between 30 eq/Mol (2,5-DHBQOP) and 111 eq/Mol (2,5-DHBAOP, 2-MOHYDROP) in the polymers and amounted to 2 eq/Mol in the starting compounds.
IR spectra band assignment
The IR spectra band assignment for the polymers investigated is shown in Table 2 . The broad O-H stretching maximum at ~3400 cm -1 demonstrates the presence of exchangeable protons typical for alcoholic, phenolic and carboxylic groups. The maximum was found between 3398 cm -1 (2,5-DHBQOP) and 3452 cm -1 (HYDSULFOP) indicating the presence of intermolecular H-bonds with a relatively low association degree (Wang & Wang, 1983 ). Aliphatic C-H valence vibrations were observed at ~2900 cm -1 (CH 2 , CH 3 ) as one (2,5-DHTOP, 2,5-DHPOP, 2,5- DHBAOP, HYDSULFOP, 2,3-DMHYDROP, TMHY-DROP) or two distinct maxima (HYDROP, 2-MOHY-DROP, 2,5-DHBQOP). Only GENOP did not show any peak in this area. Peak maxima in the region of 1700 cm -1 (C=O of carbonyl from R 2 CO or COOH) were observed in the spectra of HYDROP (1710 cm -1 ), 2,5-DHBAOP (1688 cm -1 ) and TMHYDROP (1691 cm -1 ). Signals of C=C stretching (from C=C double bonds and from aromatic C=C bonds) and of conjugated C=O stretching vibrations were registered regularly between 1582 cm -1 (2,5-DHPOP) and 1647 cm -1 (TMHYDROP). Asymmetric and symmetric COOstretching vibrations were present in the regions of 1541-1582 cm -1 (2,5-DHTOP, 2,5-DHPOP, 2,5-DHBAOP, HYDSULFOP, 2,5-DHBQOP) and 1330-1400 cm -1 (all polymers except for DHBAOP). Aliphatic C-H bending vibrations around 1450 cm -1 were registered in the spectra of HYDROP, 2,5-DHBAOP, HYDSULFOP, 2,3-DMHYDROP, TMHY-DROP and 2-MOHYDROP. Peak maxima at 1100-1300 cm -1 corresponding to C-O single bonds from esters, ethers or phenols could be observed regularly, except for 2,5-DHTOP. Absorption maxima in the region of 700-900 cm -1 indicate the presence of polysubstituted aromatic compounds and occurred in all the spectra measured. Typical signals of sulfonic groups were detectable only in HYDSULFOP (peaks at 1049 and 618 cm -1 , respectively).
Antiviral activity and cytotoxicity
The synthesized HA-like polymers as well as their lowmolecular weight starting compounds were tested for antiviral activity in HSV-1-infected, and for cytotoxicity in uninfected, Vero cells. Dose-response relationships of the starting compounds (hydroquinone, 2,5-dihydroxytoluene, gentisinic acid, 2,5-dihydroxybenzaldehyde) and of the corresponding polymers (HYDROP; 2,5-DHTOP; GENOP; 2,5-DHBAOP) are given in Figure 1 . The examples (Figure 1b , d, f and h) clearly show the dosedependent antiviral activity of the polymers accompanied with minimal cytotoxicity only. This is in contrast to the dose-response curves of low-molecular starting compounds, which demonstrate a more differentiated picture. Gentisinic acid (Figure 1e ) exerts neither antiviral activity nor cytotoxicity. The antiviral effect of hydroquinone ( Figure 1a ) and 2,5-dihydroxytoluene ( Figure 1c ) is restricted to a small non-toxic concentration range. 2,5-Dihydroxybenzaldehyde (Figure 1g ) fails to inhibit virus replication but is cytotoxic to Vero cells at 32 µg/ml. Table 3 summarizes the EC 50 , CC 50 and SI values of all the substances tested. The EC 50 values of the p-diphenol-derived polymers ranged between 0.65 µg/ml (2,5-DHPOP) and 322 µg/ml (2.5-DHBQOP). The most effective polymers (EC 50 <10 µg/ml, CC 50 ≥128 µg/ml, SI >10) were 2,5-DHPOP>2,5-DHTOP>GENOP>HYDROP>2,5-DHBAOP.
The highest SI (≥400) was found for 2,5-DHPOP, followed by 2,5-DHTOP (≥80) and GENOP (≥58). Less anti-HSV-1 activity (EC 50 ≥10 µg/ml, CC 50 <128 µg/ml, SI≥5) was detected for 2,3-DMHYDROP>HYDSULFOP>2-MOHYDROP. Only marginal antiviral activity was detectable for 2,5-DHBQOP (EC 50 =322 µg/ml, SI≥1.6). Under the same experimental conditions, the EC 50 values of the reference substances were 0.14 µg/ml for acyclovir and 7.4 µg/ml for pentosan polysulfate.
Among the low-molecular starting compounds, hydroquinone, 2,5-dihydroxytoluene and 2,5-dihydroxybenzoquinone developed detectable anti-HSV-1 activity, the SI, however, reached only values of 1.6, 1.7 and 3.5, respectively.
The CC 50 values of the p-diphenol-derived polymers were between 32.1 µg/ml (TMHYDROP) and >512 µg/ml (HYDSULFOP, 2,5-DHBQOP). Further non-toxic polymers within the concentration range tested were 2,5-DHPOP, MOHYDROP, HYDROP, 2,5-DHTOP, GENOP and 2,5-DHBAOP as well as the reference substances acyclovir and pentosan polysulfate. 2,3-DMHY-DROP (CC 50 =83.7 µg/ml) and TMHYDROP (CC 50 =32.1 µg/ml) were found to be the most cytotoxic polymers tested.
The low-molecular starting compounds were generally more toxic than the polymers synthesized from them. Only gentisinic acid, hydroquinone sulfonic acid and 2,5dihydroxybenzoquinone proved to be non-toxic within the concentration range tested (CC 50 >512 µg/ml). The highest cytotoxicity was observed for hydroquinone (CC 50 =13.6 µg/ml) and its methylated derivatives 2,5-dihydroxytoluene (CC 50 =9.9 µg/ml), 2,3-dimethylhydroquinone (CC 50 =8.0 µg/ml), trimethylhydroquinone (CC 50 =14.1 µg/ml) and 2methoxyhydroquinone (CC 50 =16,1 µg/ml).
Discussion
The diversity of chemical compounds contributing to the formation of HA in nature entails wide variation in the antiviral activity and toxicity of HA extracted or otherwise derived from natural sources. In contrast to this, HA-like polymers synthesized by oxidative polymerisation of individual phenolic starting compounds allow more precisely to identify chemical precursor structures of biologically active humic polymers. This concept has been described in detail for polymers derived from ortho-diphenolic compounds (Helbig et al., 1997) and is extended in the present study to 10 other polymers obtained by periodate oxidation of p-diphenolic compounds. The low-molecular starting compounds comprised 2,5-dihydroxybenzene (hydroquinone) and nine of its derivatives, including three different methylation products and three carboxylic acids. 
The oxidative polymerisation of the p-diphenolic starting compounds resulted in HA-like polymers with relative molecular weights in the range of 2200 and 7800. Except for the oxidation product of chlorogenic acid (MW 14000), the molecular weights of o-diphenol-derived polymers (3800-9000) are of the same order of magnitude (Helbig et al., 1997) . This is also valid for the content of hydroxyls, which amounts to 30-111 eq/mol for para-and 11-112 for o-diphenol derived polymers. Greater differences exist between the COOH content of para-(1-10 eq/mol) and o-diphenol-derived polymers (4-28 eq/mol). The FT-IR spectra of p-diphenol-derived polymers (Table  2) reveal the similarity of HA-like polymers with naturally occurring HA. The broad peak at 3400 cm -1 corresponds to hydrogen bridge-bound hydroxyl groups (Bellamy, 1980) . Peak maxima in the regions of 1500-1600 cm -1 and 700-900 cm -1 , respectively, can be allocated to aromatic ring vibrations of the polymer (Hänninen et al., 1989) . As known from nuclear magnetic resonance studies, the aromaticity of phenolic polymers is higher than that of naturally occurring HA (Hänninen et al., 1987) .
The proof for antiviral activity and cytotoxicity of the synthesized p-diphenol-derived polymers revealed significant antiviral activity against HSV-1 with clear differences between the individual polymers. According to EC 50 values the anti-HSV-1 activity ranked as follows: 2,5-DHPOP>2,5-DHTOP>GENOP>HYDROP>2,5-DHBAOP>TMHYDROP>2,3-DMHYDROP>HYD-SULFOP>2-MOHYDROP>>2,5-DHBQOP. The data of 2,5-DHPOP, 2,5-DHTOP and GENOP confirmed partly earlier results obtained with the KOS strain of HSV-1 (Neyts et al., 1992) , even though the Kupka strain seems to be more sensitive to the polymers (10-fold to 2,5-DHPOP, 75-fold to 2,5-DHTOP and 9-fold to GENOP) and the relative position of 2,5-DHTOP and GENOP in the ranking order has been changed. The remaining 17 compounds (10 starting compounds and 7 polymers) are completely new and have not been tested before.
The antiviral potency of HA-like polymers depends, at least partially, on the content of acidic functional groups. This tendency is confirmed by the results of the present study demonstrating the increase of antiviral activity with the equivalents/Mol of carboxyl groups (Table 1) . 
